Retinal detachment (RD) is associated with acute visual loss caused by anatomic displacement of the photoreceptors and with chronic visual loss/disturbance caused by retinal remodeling and photoreceptor cell death, which may occur even after successful reattachment. The P2Y 2 receptor agonist INS37217 improves the rate of retinal reattachment in animal models of induced RD, and has been shown to also significantly enhance the rate of ERG recovery in a mouse model of RD. The identification of genes modulated by INS37217 may allow further drug discovery for treating RD and edema. METHODS. To identify genes involved in RD and subsequent reattachment, a retinal microarray screen was performed using a mouse model of RD in the presence or absence of INS37217. RESULTS. Ninety-two genes were identified as differentially expressed across three time points, most of which were upregulated in the presence of this agonist. Furthermore, it was shown that RD alters the expression of aquaporin-0 (AQP-0), and this modulation is prevented by treatment with INS37217. The presence of AQP-0 in retinal bipolar cells was also demonstrated, whereas it was previously thought to be specific to the lens. Mice lacking functional alleles of AQP-0 had a phototransduction deficit as assessed by electroretinography; however, their photoreceptor structure was normal, indicative of a problem with signal transmission between neurons. CONCLUSIONS. This study establishes the genes involved in RD and reattachment, and also demonstrates for the first time a physiologically significant role for AQP-0 in retinal function. (Invest Ophthalmol Vis Sci. 2008;49:511-521) DOI:10.1167/ iovs.07-1013 R etinal detachment (RD) is a sight-threatening condition that occurs when the neural retina physically separates from the retinal pigment epithelium (RPE). In clinical and animal models of RD, photoreceptors undergo apoptotic cell death and the retina undergoes secondary changes such as gliosis, hypertrophy, and synaptic remodeling.
R
etinal detachment (RD) is a sight-threatening condition that occurs when the neural retina physically separates from the retinal pigment epithelium (RPE). In clinical and animal models of RD, photoreceptors undergo apoptotic cell death and the retina undergoes secondary changes such as gliosis, hypertrophy, and synaptic remodeling. [1] [2] [3] RD-induced changes in retinal gene and protein expression are thought to play important roles in stimulating stress-induced intrinsic neuroprotective mechanisms in the retina and in delaying or compromising the recovery of vision even after successful anatomic reattachment. 4 -7 Nearly complete RD can be induced in mice by transretinal injection of saline into the subretinal space. This procedure creates a detachment similar to rhegmatogenous detachments in humans, whereby a tear in the retina allows fluid to accumulate between the RPE and the retina. We have shown that the retina spontaneously reattaches within 1 to 2 days after detachment, but this reattachment is associated with massive retinal in-foldings. 8 Complete reattachment occurs 7 days after the initial detachment, but retinal function, as measured by electroretinography (ERG), is only approximately 50% of normal even though the retina appears to be anatomically reattached and morphologically intact. This resolution of RD in our animal model more closely mimics the exudative form of human RD. In humans, fluid accumulates between the RPE and the retina without any tear or break. Even at 14 days after detachment, the ERG is only approximately 60% of normal, and full recovery is not observed electroretinographically until 2 months after the initial detachment. We also demonstrated that the administration of the P2Y 2 receptor agonist INS37217 in this RD model resulted in almost complete recovery of retinal ERG function by 10 days after detachment, presumably through stimulating fluid reabsorption across the RPE and perhaps through some other direct neurorestorative effects on the retina. 8, 9 Because of the relatively long time lag between full anatomic reattachment (approximately 7 days) and full recovery of ERG function (approximately 2 months), this model represents a useful system for studying the delayed recovery of neurosensory function after physical traumatic injury to the retina. Although this model does not perfectly mimic one specific form of RD, it may provide insight into the mechanisms underlying the delayed or incomplete recovery of normal visual function frequently seen in RD patients after otherwise successful reattachment of the retina.
In this study, we evaluated the effects of RD and spontaneous reattachment in the absence and presence of INS37217 on retinal gene expression to determine which genes are involved in response to an induced detachment and subsequent reattachment occurring in response to a pharmacologic agent known to hasten RD and recovery. Here we identified several genes involved in these response pathways that appeared to be likely candidates for accelerating the process of reattachment and perhaps ERG recovery. Based on our microarray screen, we evaluated the potential role for aquaporin-0 (AQP-0) as a direct mediator involved in the response to and recovery from RD. Expression of AQP-0 was previously thought to be specific to the lens, but we demonstrate its expression in retinal cells. Furthermore, we show that the loss of AQP-0 in mice has deleterious effects on the transmission of phototransduction signals, indicating an essential physiological function for AQP-0 in the retina.
MATERIALS AND METHODS

Animal Use and Care
Balb/cJ mice were used for microarray experiments and were obtained from the Jackson Laboratories (Bar Harbor, ME). AQP Ϫ/Ϫ (CatFr), also obtained from the Jackson Laboratories, were on a C57BL/6 background. All experiments and animal maintenance procedures were approved by the local Institutional Animal Care and Use Committee (Oklahoma City, OK) and conformed to the guidelines on the care and use of animals adopted by the Society for Neuroscience and contained in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Subretinal Injections and RNA Isolation
Subretinal injections were performed as previously described. 8 Briefly, 1 L saline or 1 L saline/10 M INS37217 was delivered to the subretinal space in Balb/cJ mice by transvitreal injection. This procedure creates a retinal hole that is self-sealing because material delivered will not diffuse into the vitreous. 9 Mock injections consisting solely of a corneal puncture with no RD were also performed as a control. Mice were humanely killed at 2 hours, 24 hours, or 7 days after injection, and their retinas were harvested directly into reagent (Trizol; (Invitrogen, Carlsbad, CA). For each time point, three separate pools of at least five retinas were collected for saline-and INS37217-injected mice. After tissue homogenization, total RNA was isolated as previously described and was purified by a method for total isolation of RNA (RNeasy column; Qiagen, Valencia, CA).
Gene Chip Hybridization and Analyses
We used each RNA pool (each containing more than five retinas) for hybridization (GeneChip; Affymetrix, Santa Clara, CA), giving a total of three biological replicates for each treatment at each time point. For each hybridization (GeneChip; Affymetrix), we labeled 7 g total RNA according to the manufacturer's specifications. Gene chips (MOE_430A; Affymetrix) were hybridized with 15 g cRNA for 16 hours at 45°in a hybridization oven (Hybridization Oven 640; Affymetrix) rotating at 60 rpm. Washing, staining, and scanning were performed according to the manufacturer's specifications using a fluidics station and a scanner (Fluidics Station 450 and GeneChip Scanner 3000; Affymetrix). Data sets were normalized using the robust multivariate algorithm (RMA) implemented in data analysis software (Spotfire DecisionSite for Microarray Analysis; TIBCO Software, Palo Alto, CA). Resultant log 2 expression values were used to make expression comparisons. Because the RMA algorithm is known to compress data sets, we set a threshold for differential expression at 1.8-fold change. All microarray data have been submitted to the National Center for Biotechnology Information Gene Expression Omnibus in compliance with MIAME guidelines under the series accession number GSE5766 (http://www.ncbi.nlm.nih.gov/geo//query/acc.cgi?accϭGSE5766).
Quantitative RT-PCR
Quantitative (q) RT-PCR was performed as previously described. 10 Briefly, total RNA was DNAse treated with RNase-free DNAse I (Promega, Madison, WI), and reverse transcription was performed using oligo-dT primer and reverse transcriptase (Superscript III; Invitrogen). Primers for all genes were designed to span introns so as to avoid amplification from genomic DNA. A complete list of primers used in this study is available in Supplementary Table S1, online at http:// www.iovs.org/cgi/content/full/49/2/511/DC1. qRT-PCR was performed in triplicate on each cDNA sample (iCycler; Bio-Rad, Hercules, CA), and ⌬cT values were calculated against the neuronal housekeeping gene hypoxanthine phosphoribosyltransferase (Hprt). Hprt was 
Immunoblotting and Immunoprecipitation Analysis
Protein extracts were prepared from tissue samples homogenized on ice and solubilized overnight at 4°C in solubilization buffer (50 mM Tris-HCl, [pH 7.5], 100 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.05% SDS, 2.5% glycerol, and 1.0 mM phenylmethylsulfonyl fluoride). After determination of protein concentrations, 50 g (or 1 g for lens extracts) was loaded on a 10% SDS-PAGE gel and transferred to polyvinylidene difluoride membrane for subsequent immunoblotting. After blocking in 5% milk/TBST for 30 minutes at room temperature (RT), primary antibodies were applied in 5% milk/TBST for 2 hours at RT, followed by three washes in TBST for 10 minutes. Horseradish peroxidase-conjugated secondary antibodies were applied at 1:25,000 in TBST for 50 minutes at RT, followed by four washes in TBST for 15 minutes and subsequent detection (SuperSignal Dura; Pierce, Rockford, IL). Primary antibodies and dilutions were rabbit-anti-AQP-0 (1:1000; Alpha Diagnostic International, San Antonio, TX); rabbit-anti-␥-crystallin (1:1000; generous gift from Usha Andley); mouse-anti-␤-actin (1:10,000; Sigma, St. Louis, MO). For immunoprecipitation, 100 g retinal protein extracts or 1 g lens protein extracts were immunoprecipitated with 5 g goat-anti-␥-crystallin (Santa Cruz Biotechnology Inc., Santa Cruz, CA) overnight with rotation at 4°. Samples were then incubated with protein G-Sepharose beads (Sigma) in a volume of 200 L at 4°C for 1 hour. After adsorption, the beads were washed with solubilization buffer four times, and bound proteins were eluted with 2ϫ sample buffer, followed by gel electrophoresis and immunoblot analysis with anti-AQP-0 or anti-␥-crystallin. For image acquisition and analysis, an image station (CF 440; Eastman Kodak, Rochester, NY) was used. Pixel quantification was carried out with molecular imaging software (Eastman Kodak). No detectable bands were observed after immunoblotting with anti-AQP-0 in the presence of a peptide competitor.
Immunohistochemistry
Eyes from adult mice were fixed in 4% paraformaldehyde/PBS for 12 to 16 hours at RT. Cryosections or paraffin sections were obtained as previously described and were blocked in 5% BSA/PBS, 0.5% Triton-X, for 30 minutes at RT. 8, 10 Slides were briefly washed with PBS and incubated with the primary antibody in 1ϫ BSA/PBS, 0.5% Triton-X for 2 hours at RT, followed by a brief wash in PBS and incubation with the secondary antibody in 1ϫ BSA/PBS, 0.5% Triton-X, for 30 minutes at RT. After a brief wash in PBS, mounting medium with DAPI (Vectashield; Vector Laboratories, Burlingame, CA) was applied, and the slide was coverslipped. Primary antibodies and dilutions were rabbit-anti-AQP-0 (1:1000; Alpha Diagnostic International); mouse-anti-PKC␣ (1:2000; generous gift of Yousif Hannun); mouse-anti-Go␣ (1:1000; Chemicon, Temecula, CA); guinea pig-anti-vGlut1 (1:2500; Chemicon). Secondary antibodies were anti-mouse fluorescent dye (Alexa 488, 1:500; Invitrogen), anti-rabbit fluorescent dye (Alexa 555, 1:500; Invitrogen), and anti-guinea pig fluorescent dye (Alexa 647, 1:500; Invitrogen). Images were acquired with a camera (C-4742; Hamamatsu, Hamamatsu, Japan) through Olympus objectives (UPlanSApo; Olympus, Tokyo, Japan) on an upright microscope (BX62; Olympus) equipped with a spinning disc confocal unit. Projection images were performed with Olympus software (Slidebook, version 4). No detectable signal was observed after immunohistochemistry with anti-AQP-0 in the presence of a peptide competitor.
Electroretinography
Scotopic and photopic ERG was performed as previously described. 8, 10 Significance was determined using one-way analysis of variance (ANOVA) and post hoc tests using Bonferroni pairwise comparisons (PRISM, version 3.02; GraphPad).
RESULTS
We conducted a microarray screen to identify genes involved in promoting faster resolution of RD and recovery of function. RD was induced in Balb/cJ mice by transvitreal subretinal injections of 1 L saline or of 1 L of 10 M INS37217/saline to cause detachment and to expedite the rate of recovery. We performed this study at three time points: 2 hours after injection to identify early-response genes; 24 hours after detachment, when the retina reattached but was still grossly misfolded; and 7 days after detachment, when the misfolding was resolved but retinal function was merely 50% of wild-type function. We used gene chips (MOE_430A GeneChips; Affymetrix) to evaluate the expression levels of more than 22,000 probe sets in several biological replicates of saline-injected (SAL) or INS37217-injected (INS) retinas during this study.
After microarray hybridization, analysis, and data normalization, we identified genes at each time point showing a microarray fold change of Ն1.8-fold between SAL-and INS-injected samples. We performed qRT-PCR on a subset of the genes identified as differentially expressed at each time point to validate the microarray results. Of the 92 genes modulated throughout the three time points, 52 of 52 examined by qRT-PCR confirmed the change in expression levels observed with the microarray, but the level of change was often underestimated by the microarray data. Two hours after detachment, we identified 30 genes that demonstrated differential expression between INS-and SALinjected retinas (Table 1) . Of these, the upregulation of retinoschisis-1 (RS1) is a likely factor in forcing physical cohesion throughout the retina. RS1 is a secreted protein that maintains adhesions between photoreceptor, bipolar, and Müller glial cells throughout the retina. 11, 12 Furthermore, mutations in RS1 cause retinoschisis, a disease in which retinal cells come apart from each other, causing vision loss. 13 An upregulation of several antiapoptotic genes-including heat shock protein-1A, heat shock protein-1B, and 14 -3-3-gamma, and a downregulation of the proapoptotic genes nuclear receptor subfamily 4-A1, FBJ murine osteosarcoma viral oncogene homolog B, and early growth response-2-was observed in the INS-treated samples, consistent with our earlier findings that this compound reduces apoptosis in the detached retina.
14 -19 Finally, we observed an upregulation of aquaporin-0 (AQP-0) and ␥-crystallin proteins, known to serve as chaperone molecules for AQP-0. 20, 21 Given that the aquaporin family of proteins is well characterized and is known to be involved in solute transfer, we sought to further characterize the role of this protein in the retina and during the reattachment process. The time course expression profile of these genes suggested that they are indeed early-response molecules because their expression was restored to basal levels by 24 hours after injection (Supplementary Fig. S1 , http://www.iovs.org/cgi/content/full/49/2/511/ DC1). We examined four of these genes throughout the three time points with qRT-PCR and included mock-injected retinas to assess the effect of detachment on gene expression. SAL detachment appeared to cause downregulation of these genes in AQP-0, beaded structural filament protein (BFSP)-1, ␥-Crys-C, and ␥-Crys-D, but the INS-detached retinas maintained wildtype expression levels (Fig. 1) . Twenty-four hours after detachment, we identified 34 genes that demonstrated differential expression between INS-and SAL-injected retinas, and 32 of these exhibited higher expres-FIGURE 2. Expression profile of selected genes differentially expressed 24 hours after injection. qRT-PCR was performed on Schlafen-4 (SFLN-4), Chitinase-3-like-1 (CHI3L1), matrix metalloproteinase-3 (MMP3), and interferon-induced transcript-1 (IFIT1) in mock-, SAL-, and INS-injected retinas at 2 hours, 24 hours, and 7 days after injection. In all cases, the expression of these genes was induced by SAL detachment by 24 hours; however, the level of induction was greatly increased in the INS-detached retinas. Both SFLN-4 and CHI3L1 showed higher levels of expression in the INS-detached retinas even at 2 hours after injection. The expression of these genes in the INS-injected retinas peaked at the 24-hour time point, as did the other genes differentially expressed at this time point as depicted in Supplementary Figure S2 , http://www. iovs.org/cgi/content/full/49/2/511/DC1. By 7 days after injection, the expression of these genes had been restored to near mock-injected levels. Mean Ϯ SD expression values are plotted. *P Ͻ 0.05, ANOVA with Bonferroni post hoc multiple pairwise comparison tests. 
22
The expression of these genes was maintained at mock-injected levels in the INS-detached retinas; however, the levels were markedly decreased in the SAL-detached retinas at this time point. In addition, in the case of every gene examined here, the expression profile for SAL-injected samples gradually increased throughout the three time points. *P Ͻ 0.05, ANOVA with Bonferroni post hoc multiple pairwise comparison tests. (Table 2 ). In almost all cases, the differentially expressed genes at 24 hours were nearly unchanged from SAL-detached retinas at the 2 hours and 7 days ( Supplementary Fig. S2 , http://www.iovs.org/cgi/content/full/ 49/2/511/DC1). It is probable that upregulated calgranulin A and calgranulin B are downstream effectors in response to activation of the P2Y 2 receptor, which is proposed to trigger Ca 2ϩ efflux from endoplasmic reticulum stores. 9 At this time point, we also observed an upregulation of several genes induced by interferon. Although the precise function of these genes in the retina is unclear, a recent report suggests that the presence of interferon in the eye can reduce a damaging inflammatory response. 23 Of the genes confirmed with qRT-PCR, matrix metalloproteinase 3 (MMP3) showed the highest level of upregulation. MMP3 is involved in extracellular matrix remodeling and, specifically, the breakdown of ECM components, which may implicate this process during detachment resolution. 24 Lastly, we detected a downregulation of arrestin-3, which is involved in the deactivation of opsin in cone photoreceptors and could potentiate phototransductive signaling. 25 SFLN-4, CHI3L1, MMP3, and IFIT1, when examined with the use of qRT-PCR, displayed similar expression profiles (Fig.  2) . In each case, expression of the gene was induced by SAL detachment at 24 hours; however, the level of induction was several times higher in the INS-detached retinas. By 7 days after injection, the expression of these genes in the detached retinas was restored to levels nearly equal to those of mock-injected retinas.
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FIGURE 3.
Expression profile of selected genes differentially expressed 7 days after injection. qRT-PCR was performed on procollagen type-1-␣-2 (COL1A2), fibulin-2 (FBLN2), fibronectin-1 (FN1), and extracellular matrix protein 1 (ECM1) in mock-, SAL-, and INS-injected retinas at 2 hours, 24 hours, and 7 days after injection. The expression of these four genes was constant throughout the mock-and SAL-injected samples; however, a dramatic increase in expression is detected in the INS-detached retinas 7 days after injection, consistent with the microarray data. Upregulation of these genes likely depicted the enhanced cellular remodeling that occurs to restore structure and function in the INS-detached retinas. Mean Ϯ SD expression values are plotted. *P Ͻ 0.01, ANOVA with Bonferroni post hoc multiple pairwise comparison tests. (A) Lens, cornea, pigment epithelium/choroid/sclera (PECS), and retina were carefully dissected from mouse eyes and assessed for AQP-0 mRNA expression. In all tissues, amplification of the control gene HPRT was observed, but in AQP-0, amplification was detected only in the lens and the retina. (B) qRT-PCR analysis on these same tissue samples revealed that the retinal expression of AQP-0 was nearly 250-fold less than that observed in the lens. (C) Immunoblot analysis was performed using anti-AQP-0 on lens, spleen, and five retinal extracts from mice. A band at 26 kDa was detected in lens and all five retinal protein extracts but not in the spleen sample. The amount of protein loaded is represented below each lane. The abundance of AQP-0 protein in the retina compared with the lens appeared to be proportional to the mRNA level.
Seven days after detachment, we identified 28 genes that demonstrated differential expression between INS-and SALinjected retinas, and all these were upregulated in the INSdetached samples (Table 3) . We observed significant upregulation of several genes known to be involved in extracellular matrix remodeling and cell adhesion, including multiple procollagens, biglycan, fibulin-2, fibronectin-1, and extracellular matrix protein-1. 26 -29 Also of note, we observed an upregulation of tissue inhibitor of MMP1, which is a known inhibitor of MMP3 and could be part of a negative feedback pathway to reduce the level of MMP3 after its upregulation 24 hours after INS detachment. 24 Temporal expression profiles of these differentially expressed genes show that many were unchanged 2 hours after detachment but that they gradually increased to peak expression levels 7 days after detachment (Supplementary Fig. S3 , http://www.iovs.org/cgi/content/full/49/2/511/ DC1). When examined with qRT-PCR, COL1A2, FBLN2, FN1, and ECM1 displayed equal expression levels between mockinjected, SAL-, and INS-detached retinas 2 hours and 24 hours after injection. A spike in expression was detected in the INS-detached retinas after 7 days (Fig. 3) .
The aquaporin family of proteins is composed of 11 members, all involved in solute transfer.
22 AQP-0 is also known as the major intrinsic protein of the lens and functions as a water channel. 30 AQP-0 was thought to be specifically expressed in the lens. We sought to examine its expression in the retina because we had identified it in our microarray screen. The lens, cornea, pigment epithelium/choroid/sclera (PECS), and retina were dissected from several mouse eyes and assessed for AQP-0 mRNA by RT-PCR (Fig. 4A) . AQP-0 mRNA was solely detected in the lens and the retina, and quantification of this revealed expression levels in the lens nearly 250-fold higher than in the retina (Fig. 4B) . To further confirm retinal expression of AQP-0, we performed immunoblot analysis on several retinal protein isolates (Fig. 4C) . AQP-0 protein was detected in all five retinal samples examined, albeit at levels greatly reduced compared with the lens.
Because the microarray screen identified that AQP-0 and ␥-crystallin mRNAs were upregulated in the INS-treated retinas compared with the SAL-injected retinas, we sought to determine whether this upregulation corresponded to an increase in protein levels. RD was created in mice by injection of SAL or INS, and the retinas were harvested into three individual pools 2 hours after injection. Immunoblot analysis was then performed on each tissue pool to examine the levels of AQP-0 and ␥-crystallin proteins (Fig. 5A , 5B). The upregulation of AQP-0 and ␥-crystallin proteins was apparent in the INS-injected samples after band intensities were quantified and normalized to the levels of ␤-actin. Given that these proteins are known to interact in the lens, 20, 21 we performed coimmunoprecipitation assays on retinal extracts. AQP-0 protein was detected in lens and retinal samples after immunoprecipitation with an antibody recognizing ␥-crystallins but not with a normal IgG antibody (Fig. 5C ). Attempts to show the reciprocal associations were unsuccessful because the anti-AQP-0 antibody could not immunoprecipitate AQP-0. Lastly, we examined whether the upregulation of AQP-0 was dependent on the presence of RD, INS37217, or both (Fig. 5D) . INS37217 was delivered to the retina in the absence of detachment by means of intravitreal injection, and retinas were assessed for AQP-0 mRNA levels at 2 and 24 hours after injection. AQP-0 mRNA levels were unchanged after intravitreal injection of saline but showed a more than twofold increase after delivery of INS37217. Hence, activation of the P2Y 2 receptor by this agonist acts to upregulate AQP-0, regardless of a physiological insult.
To localize AQP-0 in the retina, we performed immunohistochemistry on retinal sections with an anti-AQP-0 antibody (Fig. 6) . At low magnification, AQP-0 immunoreactivity is apparent throughout the lens, but two bands of immunoreactivity are apparent throughout the retina. On examination at higher magnification, AQP-0 immunoreactivity is confined to a set of cells within the inner nuclear layer and around structures resembling synaptic terminals in the inner plexiform layer near the ganglion cells (Fig. 6A) . To define the cell types expressing AQP-0, we performed colocalization studies using antibodies to mark various types of second-order neurons in the retina. We performed immunohistochemistry on retinal cryosections with anti-PKC␣ to label rod bipolar cells, anti-vglut1 to label all bipolar cell terminals, anti-Go␣ to label all ON-type cone and rod bipolar cells, and anti-AQP-0. AQP-0 immunoreactivity colocalized with PKC␣ staining in most of the AQP-0 -positive cells in the inner nuclear layer (Fig. 6B) . Furthermore, the staining observed near the ganglion cell layer (GCL) colocalized with anti-PKC␣ and anti-vglut1, demonstrating that AQP-0 is expressed in the soma and dendrites of the rod bipolar cells and in the synaptic terminals. This staining pattern was also detected in macaque retina (data not shown). When we used anti-Go␣, every cell containing AQP-0 was also positive for Go␣, a marker for cone and rod bipolar cells. 31 We also observed AQP-0 in the soma and axons of bipolar cells whose axons terminate in the inner-half of the inner plexiform layer (Fig. 6C) . This labeling pattern is characteristic of type 1 to 4 cone bipolar cells because other bipolar cells, including rod bipolars, terminate their axons more closely to the GCL. 32 These data demonstrate that AQP-0 is expressed in rod and cone bipolar cells of the retina.
To delineate the involvement of AQP-0 in phototransduction, we examined the response of AQP-0 -deficient mice to light by means of electroretinography (Fig. 7) . We obtained Cat Fr mice, which harbor a transposon long terminal repeat in intron 3 of the FIGURE 6. Localization of AQP-0 protein in the murine retina. (A) Immunohistochemistry was performed with anti-AQP-0 on paraffin-embedded eye sections, and nuclei were counterstained with DAPI. AQP-0 staining is evident throughout the lens; however, a band of immunoreactivity is noticeable in the retina (white arrow). At higher magnification, this staining is apparent around cell bodies and dendrites in the outer part of the inner nuclear layer. AQP-0 immunoreactivity is also detected in structures close to the ganglion cell layer. Scale bar, 20 m. (B) To determine the specific cell types that expressed AQP-0, immunohistochemistry was performed on retinal cryosections with anti-AQP-0, anti-PKC␣ to label rod bipolar cells, and anti-vGlut1 to label synaptic terminals. Nuclei were counterstained with DAPI. Confocal images were acquired, and the projection of the image stack is depicted. AQP-0 is expressed in rod bipolar cells as colocalization of AQP-0, and PKC␣ staining is evident at the cell membrane in many cells. Most AQP-0, however, appears confined to the cell body. Anti-AQP-0 staining is apparent around cells not labeled by anti-PKC␣. AQP-0 immunoreactivity near the ganglion cell layer did colocalize with anti-PKC␣ and anti-vGlut1, demonstrating that AQP-0 was expressed in the synaptic terminals of rod bipolar cells. Scale bar, 20 m. (C) Immunohistochemistry was performed on retinal cryosections with anti-AQP-0, anti-Go␣ to label cone and rod bipolar cells, and anti-vGlut1 to label synaptic terminals. Nuclei were counterstained with DAPI. Every cell labeled by anti-AQP-0 was also labeled by anti-Go␣, indicating that AQP-0 was expressed only in rod and cone ON-bipolar cells of the inner nuclear layer. Insets: projection image at higher magnification of a single bipolar cell present in the original image stack (white asterisk). Based on the location of the cell body and synaptic terminal, this was likely a type 1 to 4 cone ON-bipolar cell.
32 AQP-0 expression was detected at the plasma membrane, throughout the soma, and in the axon of this cell. Thus, AQP-0 was expressed in rod bipolar cells and a subset of cone on-bipolar cells in the murine retina. Scale bars, 20 m (A-C), 10 m (insets). ONL, outer nuclear layer; OPL, outer plexiform layer; IPL, inner plexiform layer.
AQP-0 gene. 33 This sequence insertion contains a splice acceptor site, causing the formation of a chimeric protein that is unable to be expressed on the plasma membrane. This appears to be a gain-of-function mutation, and these animals develop cataracts in a manner similar to that of AQP-0 knockout mice generated by gene trapping. 33, 34 Scotopic ERG analysis of postnatal day (P) 30 mice revealed significantly decreased scotopic a-and b-waves in AQP0
Ϫ/Ϫ mice that were nearly 75% those in wild-type C57BL/6 controls, but no significant decrease was observed in AQP0 ϩ/Ϫ mice. When cone photoreceptor function was assessed with photopic ERG, both AQP0 ϩ/Ϫ and AQP0 Ϫ/Ϫ mice showed significant loss of function. These results suggest a role for AQP-0 in phototransductive signaling.
DISCUSSION
Herein we have identified changes in gene expression that are associated with RD and spontaneous reattachment in an animal model, in the absence and presence of pharmacologic agent INS37217, known to enhance retinal reattachment and recovery of retinal function. Most of these differentially expressed genes appeared to regulate retinal apoptosis, cellular adhesions, and extracellular remodeling. Of particular interest was the novel identification of AQP-0 expression in the retina and its potential role in retinal response to detachment. We also provide additional evidence for the involvement of AQP-0 in the transmission of phototransduction signals.
Because this model undergoes spontaneous resolution of RD, it is different from other RD models in which sodium hyaluronate is used to create a long-lasting detachment. The creation of RD by the injection of saline is comparable to rhegmatogenous RD in humans, but this spontaneous resolution is more typical of exudative RD that is clinically observed. Using stringent criteria, we identified 92 genes that were differentially expressed among the three time points, and 52 of 52 genes examined with qRT-PCR demonstrated a greater than twofold change. Because the robust multivariate algorithm used for gene chip normalization is known to compress the data set, 35, 36 it is likely that lowering our threshold for genes with modulated expression would have identified additional genes involved in the resolution process; however, it is also likely that some of these would be false-positives if examined with qRT-PCR.
Throughout the three time points examined in this study, most of the differentially expressed genes were upregulated in detached retinas in the presence of INS37217. The genes identified at 2 hours after injection likely represented early-response genes associated with acute RD. The upregulation of RS1 is noteworthy. This secreted protein can decrease morphologic disruption because it is involved in maintaining cellular adhesions throughout the retina. 11, 13 Previous studies of RD have noted an activation of apoptotic pathways after experimental detachment. 4, 6, 7 At this time point, we also observed the upregulation of antiapoptotic genes and the downregulation of proapoptotic genes, correlating with our previous evidence that fewer TUNEL-positive cells are present in the detached retina treated with INS37217. 8 Last, we noted that INS37217 maintained basal levels of AQP-0, ␥-crystallins, and BFSP1, which are all known to interact together in the lens to facilitate fluid movement. 20, 21, 37 At this stage, it is unknown whether INS37217 directly upregulates expression of these molecules or prevents their downregulation, which occurred naturally with detachment in our experimental model. Twenty-four hours after injection, we observed a tremendous upregulation of MMP3, a known mediator of cellular remodeling. We also detected several interferon-induced transcripts that could play a protective role in preventing immune cell infiltration. An upregulation of complement component c3 and tripartite motif protein 30 was also detected. Although we did not observe any immune cell infiltration in our previous studies, we cannot rule out the possibility that this P2Y 2 agonist may cause an ocular immune response. In addition, 24 hours after injection, we detected an upregulation of transforming growth factor ␤-induced, which modulates the aggregation of extracellular matrix genes such as collagen and biglycan. 38 These two genes and several other additional extracellular matrix components, such as fibronectin 1 and proteoglycan 1, which are likely representatives of enhanced cellular remodeling, were upregulated 7 days after injection. Also noteworthy was the upregulation of the MMP3 antagonist TIMP1, possibly part of a negative feedback loop to reduce MMP3 activity in response to the high levels observed 24 hours after injection. In sum, these data provide evidence regarding the specific genes affected during the enhanced resolution of RD, and they suggest a number of potential therapeutic targets worthy of further study.
AQP-0 is known as the major intrinsic protein of the lens. Together with the ␥-crystallins and BFSP, it is responsible for extruding water from the lens. The crystal structure of AQP-0 from lens samples further identified that this molecule forms a closed water pore across membranes, mediated by three localized interactions. 30 Another study demonstrated that AQP-0 functions as a cellular adhesion molecule because C-terminal cleavage causes an increase in its adhesive properties. 39 Based on these functions and our microarray data, we hypothesized that this molecule could play a major role in enhancing structural and functional recovery after RD. Several studies have provided tremendous insight into the disease-causing mutations, regulation, biochemical interactions, and structure of this gene, but its expression has never been reported in any tissue except the lens. 37,40 -44 Here we provide strong evidence that AQP-0 mRNA and protein are indeed present in the retina (Fig. 4) . Expression levels in the retina are nearly 250-fold lower than in the lens, likely contributing to the disregard of its presence in the retina. We demonstrated that AQP-0 and ␥-crystallins could coimmunoprecipitate from retinal extracts, as has been observed in lens cells. 20, 21 In the murine retina, ␥-crystallin expression is observed throughout the inner nuclear layer (INL). 45 When examined using immunohistochemistry, we detected AQP-0 in the dendrites, soma, and axons of rod and cone bipolar cells in the INL of the retina. This signal was only observed in "ON-type" rod and cone bipolar cells because all AQP-0 -positive cells were labeled by anti-Go␣. Furthermore, we observed strong AQP-0 immunoreactivity in the synaptic terminals of rod bipolar cells. Although the aquaporin family of genes is highly homologous, it is unlikely that we detected other aquaporins in the retina because of the specificity of the C-terminal peptide of AQP-0 originally used to generate the antibody. Previous studies have shown aquaporin-4 expression in the retina, 46 but this was observed in Müller cells and astrocytes in the optic nerve, a localization pattern not observed with our antibody. Other studies have shown aquaporin-1 and aquaporin-9 expression in rat photoreceptor and amacrine cells, 47 ,48 yet this labeling pattern was different from what we observed with the AQP-0 antibody used in this study. Furthermore, competitive immunoblotting and immunohistochemistry performed in the presence of the peptide used to generate the antibody resulted in the lack of any detectable signal from the lens and retina (data not shown).
The localization pattern observed for AQP-0 suggests that it may be intimately involved in the process of synaptic transmission, cellular adhesion to maintain proper cell contacts for phototransductive signaling, and rapid water movement to facilitate electrical signal transduction. To provide evidence for this proposed function, we examined electroretinographically the retinal physiology of mice deficient in wild-type AQP-0. These analyses demonstrated a deficit of nearly 25% in the levels of the rod photoreceptor-derived a-and b-wave. However, mice containing one functional allele of AQP-0 showed ERG amplitudes unchanged from those of wild-type littermate controls. Furthermore, cone photoreceptor-derived b-wave levels were almost completely depressed by the loss of functional AQP-0. It is unlikely that these results were biased by the presence of cataracts because P30 AQP ϩ/Ϫ mice also displayed significantly lower cone b-wave amplitude and do not develop cataracts until P45 to P60. We detected no global abnormalities while examining the ultrastructure of the photoreceptors in AQP-0 -deficient mice (data not shown), suggesting that the functional deficit is a result of flawed signal transmission between higher-order neurons. These results suggest a role for the importance of AQP-0 for normal retinal function.
Because AQP-0 expression was increased after intravitreal administration of INS37217, we sought to provide direct evidence that AQP-0 was intimately involved in the resolution process by creating RD in AQP Ϫ/Ϫ mice in the presence or absence of INS37217, with the hypothesis that this P2Y 2 agonist would not promote faster recovery to the same degree as observed in wild-type mice. Unfortunately, we were unable to perform subretinal injections in these mice because they had congenital cataracts, making our delivery method and assessment of detachment impossible. Future studies using siRNA to knock down AQP-0 concurrently with the creation of RD in wild-type mice may provide this direct evidence. Nevertheless, the data presented here suggest a role for AQP-0 in normal retinal physiology. Further examination of the other genes identified in our microarray screen may provide the basis for the rational development of therapeutics for treating RD and other physiological insults, such as macular edema, when expedited fluid movement is required for the maintenance of proper retinal morphology and phototransductive signaling.
